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l.O INTRODUCTION

The design and anlaysis of bolted joints in fibrous composite structures

continues to be an area of concern with respect to the safe and efficient use
of composite materials in aircraft structures. Work is in progress at Douglas
Aircraft Companyunder NASAContract NASI-16857for the developmentof critical
joint technology. This contract research effort includes a large mechanical

testing programincluding ancillary and subcomponent test specimens (reference l).

This report contains an account of the test specimens, procedures, and results

for the ancillary test program.

There were two primary objectives of the ancillary test program. For loaded

hole specimens, data was obtained for load-deflection behavior of single bolt

joints in graphite epoxy including the effect of bolt bending and shear deformations

and local bearing deformations in the joint members. In addition to load-

deflection data, all specimens were loaded to failure to obtain ultimate strength

and stress concentration data for loaded and unloaded hole configurations. This

report is limited to experimental results, and no theoretical predictions or

inferences _are offered. Some general conclusions will be drawn with regard

to the actual test results.
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2.0 SPECIMENDESCRIPTION

A total of 180 specimenswas fabricated and tested at the DouglasAircraft
Companyin LongBeach, California. These included a variety of configurations

and geometries selected to generate a sufficient data base to support analysis
methods.

Tension and compression tests were performed on three types of specimens:

Double Shear Tension and Compression (DST and DSC), Single Shear Tension and

Compression (SST and SSC), and Unloaded Hole Tension and Compression (UHT and UHC).

Figures l through 15 present dimensioned drawings of each specimen type. The

hole or bolt diameters were limited to 0.25 in. (6.35 ram), 0.50 in. (12.70 mm),

and 0.75 in. (19.05 mm). Laminate widths and thicknesses were varied among

specimen groups and wlll be discussed In subsequent sections.

Load was introduced to the tension specimens and single shear compression

specimens through pin-loaded holes at each end which were reinforced with graphite/

epoxy doublers. These doublers were constructed using the same layup pattern as

the base laminate. Potted ends were used on double shear and unloaded hole

compression specimens for the introduction of load. The ends were machined flat

and parallel to stabilize and align the specimens.

Critical dimensions of each specimen were measured and recorded before testing.

Specimens were visually inspected for any flaws or damage which could affect

test results. Three identical specimens were tested for each configuration.

Table l lists the coding or numbering system for all of the ancillary test

specimens.

The material system used in this program is the Ciba-Geigy Fiberdux 914/Toray T-300

graphite epoxy. The 914 resin is a so-called "toughened resin". The basic epoxy

is modified with a polysulfone thermoplastic to create a more flexible, impact

resistant matrix relative to established composite material systems. The

Toray T-300 (hereafter T-300) was provided as a "thick ply" tape (approximately
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O.Ol In/ply). This consisted of two plies of 5 mil dry tape which were
combinedduring the vendor preimpregnation process.

There were two fiber patterns used to build the laminates from which test

specimenswere made. Pattern A was (25%0°, 50% 245 °, 25% go°) and Pattern B

was (37.5% O:, 50% 245 °, 12.5% go°). Laminates were inspected by C-scan

for voids and delaminations prior to fabrication of test specimens.

Test laminate balanced layup sequences provided zero degree fibers at the

surfaces of all parts. Only _45 degree angle changes were allowed between

adjacent interior plies. There were no stacked plies except two (2) 45-degree

plies at the laminate mid-plane of symmetry and no 00/90° interfaces except

at the mid-plane of the 24-ply, 37.5 percent zero degree pattern (with 8-ply

unit sequencing).

2.1 Unloaded Hole Specimens

Table 2 lists the nominal dimensions and characteristics of the unloaded hole

specimens shown on Douglas Drawing ZJ011266. The narrow specimens had a w/d

(width/hole diameter) ratio of 2.0, while for the wide specimens the w/d ratio

was 8.0 with one exception. For the unloaded hole tension tests, the -533

specimens (UHT 16, 17, 18) were cut down from w = 6.0 in. (152.4 ram) to

w = 4.5 in. (I14.3 ram) giving a w/d ratio of 6.0 (to prevent recurrent doubler

failure).

Figures l through 6 present dimensioned drawings for the unloaded hole specimens.

The central holes were filled with 1/16 in. (1.59 mm) undersized bolts and tightened

to moderate torque values. This provided some clamp-up effect at the hole without

allowing load transfer through the bolt itself. All the unloaded hole specimens

were fabricated from 24-ply laminates. Sixteen-ply tapered doublers were bonded to

all UHT specimens for reinforcement at the load introduction holes, with one

exception. As noted in Figure 2, the -531 specimens were inadvertently fabricated

with 24-ply instead of 16-ply doublers.
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2.2 Double Shear Specimens

Tables 3 and 4 depict the double shear tension and compression specimens per DAC

Drawing ZJ011268. The narrow and wide specimens maintained w/d ratios of 3.0

and 8.0 respectively, but again with one exception. The -529 compression

specimens (DSC I0, II, 12) had (inadvertently drilled) 0.50 in. (12.7 mm)

central holes with a w/d ratio of 4.0. Torque levels for the three bolt sizes

were:

Diameter

0.25 in. (6.35 mm)

0.50 in. (12.7 mm)

0.75 in. (19.05 mm)

Toru_

25-30 in.-Ib. (2.82-3.39 N-m)

50-60 in.-Ib. (5.65-6.78 N-m)

75-90 in.-Ib. (8.47-I0.17 N-m)

Figures 7 through 12 contain dimensioned drawings of all double shear test

specimens. In some cases there were slight clearances between the blade and

the clevis plates and shims were used to eliminate the gap.

2.3 Single Shear Specimens

A general description of the single shear specimens is presented in Tables 5

and 6, including nominal dimensions. These specimens utilize a special aluminum

fitting for one side of the joint (Figure 16) to reduce possible joint rotation

due to eccentric loading and to assure the shear load application at the interface.

All of the single shear specimens had a w/d ratio of 8.0 and were generally free

of flaws and defects. Bolts were torqued to the same values presented for the

double shear specimens. Figures 13 through 15 contain dimensioned drawings of

these specimens, per DAC Drawing ZJOl1267.

The bolts are installed in cup-shaped retainers in the loading fixture ZJIII270,

rather than in a simple through-the-thickness hole, so that any fastener rotation

would be more representative of a composite-to-composite single-shear joint.
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3.0 TEST SETUP AND PROCEDURE

All ancillary test specimens were tested in a lO0,O00 pound capacity servo-

hydraulic MTS test machine. For the double shear and unloaded hole tests, load

was applied to the DST and UHT tension specimens through the combination of

pin loading and clamping forces on the end fittings. Compression specimens for

the DSC and UHC tests were loaded directly through the potted ends. A spherical

support was used for alignment of the compression specimens to minimize eccentric

loads. Stabilizing plates were mounted to those compression specimens

susceptible to premature buckling failure. Figure 17 shows a double shear tension

specimen mounted in the MTS machine.

The single shear specimens (tenslon and compression) were loaded through bookend

loading clevises. One clevis attached directly to the end of the specimen.

The other clevis was attached to the steel test fixture which was then bolted

to the test specimen. Figure 18 displays a single shear specimen and test

fixture mounted in the MTS machine.

All specimens were loaded to failure using the stroke control (machine head travel)

mode of loading. For the narrow specimens (w/d = 2 and w/d = 3) the stroke loading

rate was varied between different configurations to induce a strain rate of

0.003 in./min. The wider, bearing critical specimens (w/d = 8) were loaded at

one-half the rate of the narrow specimens. Loading rates for the ancillary tests

are presented in Table 7, which appeared in TAD ZCAIOI93 (reference 2).

For the single shear and double shear tests a load-deflection (P-_) plot was

continuously recorded to failure for each specimen. The deflection measurement

for the double shear specimens is a record of the relative movement between the

clevis and the blade at the side edge of the specimen at the centerline of the

central hole (Figure 19). The single shear deflection measurement is e_sentially

the same except that the relative movement is between the test specimen and the

aluminum test fixture (Figure 19).
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The deflection recorded for the unloadedhole tests is head travel of the MTS

machine.

Deflection measurementswere recorded using MTSclip gageswhich were attached

to specially designed adapters mountedon the specimens. Theseadapters attached

to the specimensat the mid-thickness of each plate at the bolt centerline and
were designed to insure that the true relative deflection was measured(Figure 20).
Thesedevices were used for both the single shear and double shear tests. Load
versus deflection or load versus headtravel plots were continuously recorded

using a Hewlett-Packard X-Y plotter.

For the single shear tests, bolt headrotation (Versus load and/or deflection)
wasalso recorded. A laser beamwas reflected from the bolt head to a graduated

scale, from which readings were taken throughout each test. This data was then
converted to angle changeor rotation of the bolt head. The test setup is shown

in Figure 21(and Figure 16).
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4.0 TESTRESULTS

Theancillary test programwasprimarily intended to provide the data necessary

for the anlaysis of multi-row bolted joints (fabricated with Ciba-Geigy 914/T300)
using the A4EJcomputer program(reference 3). The developmentof a sufficient

data base to facilitate strength predictions at individual bolt locations in a
bolted joint wasof primary importance. This required a variety of specimens
designed to exhibit a variety of failure modes. The three modesof failure
to be examinedwere unloadedhole net-section failure, loaded hole net-section

failure, and loaded hole bearing failure. Tension and compressionspecimens
were tested for all cases.

In addition to strength data, the load-deflection behavior of bolted joint in
both single and double shear wasalso examined. The prediction or determination
of bolt load distributions in multi-row bolted joints is dependentuponthe
joint flexibility at each bolt location within the joint both in the linear

(elastic) and non-llnear (plastic) range.

Although most of the tests proceededto failure as expected, manyspecimens

displayed failure modescontrary to what had been planned. This was primarily
the result of tapered bondeddoublers attached to the specimensat the load
introduction holes which occasionally failed prior to failure at the center test
section. This occurred on both the double shear and unloadedhole tests as noted

in the data and was, of course, limited to tension specimens. However, the basic
problemwas relatively steep machinedtapers on the doublers. In a few instances,
use of inadequate bond surface preparation and/or use of EA934rather than
higher strain to fail'L_re EA9320adhesive wasat fault. Subsequentanalytic

investigation provided design guidelines for future bondedand tapered doubler
design, reference 4.

The load-deflection curves are contained in Appendices l through 3. Relative

deflection measurements for the loaded hole tests were generally successful.

The regions of elastic and plastic deformation are clearly defined along with
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the transition point betweenthe two behavior modes. The test data are
summarizedin Tables 8 through 31. Bearing, net-section, and gross-section
stresses at failure are calculated for all loaded hole specimensregardless of

the failure modenoted. The area used in bearing was the specimenthickness
times the hole diameter. For the double-shear tests, virtually all of the

failures occurred in the outer clevis members. Stress calculations were made

using the thickness of the two outer members.

4.1 UnloadedHole Tests

4.1 .l UnloadedHole Tension Tests

Most of the unloadedhole tension tests resulted in net-section tension failures.

However,out of 36 total UHTspecimens, 13 of them failed in the tapered doublers
and progressively through the net-section at the load introduction hole. All of
the narrow specimens(w/d = 2) failed in net-tension through the central hole

(Figure 22). The ultimate loads attained by these specimenswere somewhatlower
than expected, possibly as a result of the side edgeeffects involved in such
narrow coupons. It has beenconcluded that a w/d ratio of 3 would be a more

appropriate minimumfor any future tests. The tapered doubler failures occurred
in the wider (w/d = 8) specimenswhich resulted in 13 out of 18 specimensfailing
in this mode(Figure 23). Those that did fail in net-tension through the center
experienced excessive delaminations and fiber separations at failure (Figure 24).

Thesespecimensalso reached comparatively high load levels at failure, indicating
relatively high bypass strength for this material system. Three of the wide
specimens (UHT16, 17, 18) were cut downin width from 6.0 in. to 4.5 in. to

prevent early doubler failure. With 0.75 in. diameter central holes, these
specimensthen had a w/d ratio of 6.0 and all three failed in net-tension at the
central hole (Figure 25). On three other specimens(UHT34, 35, 36) the end

holes were relocated and "C" clamps were mountedat the ends of the tapered
doublers to add resistance to the high peel forces. Despite this modification,
all three specimensfailed in the doublers and end holes (Figures 23 and 26).

8
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The load-deflection curves for the unloaded hole tension tests are presented
in Appendix I. The test data are summarizedin Tables 8 through II.

4.1.2 UnloadedHole CompressionTests

The unloaded hold compressionspecimensall failed through the net-section

at the central hole (Figure 27). All tests proceededwithout difficulties
except for the UHC13, 14, 15 series of three specimens. A malfunction in

the data acquisition systemoccurred during the testing of UHC-13,with the
result that no data was recorded for that specimen. Stabilizing plates were
mountedon all wide (w/d = 8) specimensto prevent prematurebuckling failure.

Theseplates were inadvertently omitted during the testing of UHC-14and UHC-15.
Both specimensfailed at a muchlower ultimate load than expected due to

compressivebuckling failures at the central hole net-section.

Plots of load versus head travel for the UHC tests are contained in Appendix I.

Tables 12 through 15 summarize the test data.

4.2 Double Shear Tests

4.2.1 Double Shear Tension Tests

The double shear tension tests resulted in a varie.ty of failure modes for both the

narrow (w/d --3) and wide (w/d = 8) specimens. Figures 28 through 33 show

several of the failed specimens wlth different modes of failure.

The narrow specimens were intended to provide data regarding loaded hole net-section

strength. Approximately 50 percent of these specimens resulted in net-tension

failures (Figure 28). Nearly all of the w/d = 3 specimens with 0.75 in. diameter

bolts failed the tapered doublers at the end fittings, followed by a net-tension

failure at the load introduction hole (Figure 29). Some of the narrow specimens

also failed in bearing, and those that dld fail in tension were working to a

relatively high bearing stress.
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The wider specimenswere designed to fall in bearing and did so with reasonable

consistency (Figure 30). The specimenswith 0.25 in. diamet_r bolts actually
failed in bolt bending with minor bearing deformation due to the bending of

the bolts (Figure 31). The load-deflection curves for these specimensdisplay
a smoothtransition from elastic to plastic behavior, clearly representative

of the bolt bending failure. Onewide specimen(DST14) resulted in an
adhesive failure of the bondeddoubler betweenthe two clevises, but not before

the ultimate bearing strength had essentially been reached.

For virtually all the specimensthat failed in net-tension or in bearing, the
ultimate failure occurred in the two outer members(Figure 32). For this reason,

the thicknesses of the two outer plates were used for stress calculations.
In all cases the outer laminates were one-half the numberof plies of the central

member. The buckling and delamination of outer plies (in the strap members)

associated with bearing failures was restricted in the central memberdue to
clamp-up effects. This phenomenoncontributed to the bearing deformation
occurring predominantly in the outer members. In addition, any eccentricities
causing unequal loading betweenthe outer plates would result in failure of

those membersprior to the central blade.

Onearea of concern was the apparently high level of scatter betweenthe slopes
of the load deflection curves for identical specimens. In response to this,

a numberof steps were taken to ensure that the data acquisition systemwas not
the cause of this scatter. More frequent checks were madeto ensure that load

and deflection scales on the plotter correctly represented the actual measurements.
A total of 12 runs were madewith DSTspecimen14, all within the elastic

range of behavior (see Appendix B). Sets of 3 runs were madewith the

extensometer adapter mountedon the plate centerline, I/8 in. over the centerline,
I/8 in. under the centerline, and with the bolt torque increased from 50 to
90 in.-Ib. The load-deflection curves yielded very consistent results throughout

the repeated loadings despite these varied conditions. Suggesting the cause
of this scatter would still be speculation at this time.

lO



Douglas Aircraft Company
Contract NASI-I6B57 ACEE-26-TR-2958

Appendix 2 contains the load-deflection curves for the double shear tension tests.
A summaryof the test data is presented in Tables 16 through 19.

4.2.2 DoubleShear CompressionTests

The double shear compressiontests were completedwithout any deviations from the
anticipated behavior. Approximately 50 percent of the narrow (w/d = 3) specimens
failed in compression, the remainder consisting of bearing failures (Figure 34).

Compressionfailures for these specimensusually consisted of a shear/buckling
failure occurring immediately at the boundary of the washerat the central hole.
All of the specimensthat failed in compressionwere working to a very high bearing
stress. The remainder of the narrow specimensdid, in fact, fail in bearing.

Most of the wide specimens(w/d = 8) resulted in bearing failures. The only
exceptions were the three wide specimenswith 0.25 in. diameter bolts (DSC-28,29,

30) which failed in bolt bending with someminor bearing damage(Figure 35). Three
specimens(DSClO, II, 12) which had 0.50 in. rather than the planned 0.25 in.

holes also failed in bearing at a w/d ratio of 4.0. As was the case for the DST
tests, failures occurred consistently in the outer clevis plates of the DSC

specimens.

The slopes of the load deflection curves for the DSCtests were notably more
consistent amongidentical specimensthan they were for the DSTtests. The load-
deflection curves are presented in Appendix 2. The test data are summarizedin

Tables 20 through 23.

4.3 Single Shear Tension & Compression Tests

The single shear test results were consistent for both tension and compression

tests. All the single shear specimens had a w/d ratio of 8.0 and all failed

in bearing. Examination of the load deflection curves clearly indicates the

yield point at which plastic bearing deformation begins. This change in

II
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stiffness was generally less severe than that observed for the double shear tests.

Bearing strengths were fairly consistent betweenSSTand SSCtests of the same

geometry.

The plastic range of bearing deformation was also clearly audible from the initial

ply failures through to ultimate load.

Measurementsof bolt head rotation were taken for all single shear tests.

Although readings of the laser beamdeflection were taken incrementally,
the variation of bolt head rotation with load appearedessentially bilinear

and analogous to the path of each load-deflection curve. Thesedata were
gathered in anticipation of their potential significance to the load-deflection
characteristics of single-shear joints. A measurableamountof permanent

bearing deformation was sustained by the aluminumbushings as well as the graphite

plates. Thealuminumbushing bearing areas were the sameas the graphite for
each hole. Bearing yield deformation of both membersmust be considered when

making use of the load-deflection data.

The load-deflection curves for the single-shear tests are presented in

Appendix 3. The test data are summarizedin Tables 24 through 31.
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5.0 BASICMECHANICALPROPERTYTESTS

Theancillary test programincluded a series of tests to determine basic laminate

strength allowables and modulusvalues. A total of six (6) tension and six (6)

compression tests was fabricated as in Figure 36. Among each set of specimens,

three (3) consisted of layup Pattern A, and three (3) of layup Pattern B.

The tension tests were run using self-tightening friction grips at the ends

with an extensometer attached to the specimen along the constant section to

measure Young's Modulus. One specimen of each group (Pattern A, B) had strain

gauges at the minimum section. The extensometer was removed from each specimen

at approximately 2/3 the anticipated failure load, and the test was then continued

to failure.

The compression tests provided ultimate compression strength data only. The

specimens were made with potted ends similar to all previous compression specimens

(Figure 37).

Table 32 summarizes the results for the tension and compression tests.

Ultimate tension stresses are calculated based on the minimum width section.

In addition, these stress values are multiplied by the appropriate stress

concentration factor associated with thls type of specimen.

Several tension specimens failed at some distance away from the minimum cross-

section (Figure 38). This result suggests that the stresses presented in

Table 32 may be considered minimum allowable stresses in tension.

13
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6.0 SUMMARY AND CONCLUSIONS

Basic unloaded hole and single bolt loaded hole test data are presented to

support the analysis of bolted joints in thick ply graphite fiber/toughened

epoxy composites. The load-deflection curves indicate that bolted joints in

composites may exhibit distinct regions of linear-elastic and non-linear (plastic)

behavior. This non-linear behavior is the result of bolt bending and bolt shear

deformations and bearing deformation in the joint members. The possibility of

bolt bending failures must be considered for low values of d/t.

The hlgh gross stresses attained by the wide unloaded hole tension and compression

failures indicate the presence of substantially improved bypass strength for

the Ciba-Geigy 914/T300 over 5208/T300. The extensive delaminations and

splitting at failure suggest that interlaminar forces play an important role in the

behavior and strength characteristics of this thick-ply material system.

The delamination failure behavior may correlate with that reported in Reference 5,

where large immediate extension of delaminations through the specimen width was

noted for edge delamination specimens fabricated with relatively thick ply toughened

epoxy composites.

Because of loading end failures, an incomplete matrix of data was obtained to

fulfill desired Ancillary Test Program objectives; however, the tapered bonded

doubler failure data is useful to support analysis work extending the state

of the art of doubler design.

It is recommended that additional Ancillary Test work be accomplished with improved

specimens in order to fill in test matrix gaps and provide data at intermediate

w/d values.

Data presented in this report allow completion of the subsequent Subcomponent Test

Specimen analysis task within the current overall contracted program.

14



DouglasAircraft Company
Contract NASI-16857 ACEE-26-TR-2958

7.0 REFERENCES

°

,

,

°

°

Douglas Aircraft Company, "Structural Test Plan", DRL Item Number 007,
ACEE Report Number ACEE-26-TR-1671, November ll, 1981.

Douglas Aircraft Company, "Composite Critical Joints Data Specimen Tests",

Task Assignment Drawing # ZCAIOlg3A, June g, 1982.

Hart-Smith, L. J., "Design Methodology for Bonded-Bolted Composite Joints
Analysis Derivations and Illustrative Solutions", Air Force Wright

Aeronautical Laboratories Report Number AFWAL-TR-SI-3154, February 19B2.

Hart-Smith, L.J. and Bunin, B.L., "Selection of Taper Angles For Doublers,

Splices, and Thickness Transitions in Fibrous Composite Structures", to be
published.

O'Brien, T.K.; Johnston, N.J.; Morris, D.H.; and Simonds, R.A.;

"A Simple Test for Interlaminar Fracture Toughness of Composites", SAMPE

Journal, pp. 8-14, July/August 1982.

15



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

1 1 _!

-5Z7 (uHTT, B,9)
- 53g (u_T 25", Z6, _-?)

• / ::m-_...

r---_" :I / """ " ,._

r-t I1 ,_F:_-t

-557 (uHT ZZ, 2_.Z_)

- 523 (UHT Z, _.)
-535 CuHT ;9,_o,ZI)

FIGURE l - UNLOADED HOLE TENSION SPECIMENS

16



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

I
,L©
I

i , t_ I_d/

I-----;_.-J I. I -
L._ACTUAL- 07 X)_ORcEnm._ . -

Zar LAV_I_ (-531 OML_ J
;531 CUHT

- 543 (UHT

_L_I0 m4 II IILI_

\

(\

:_" -1 l'--t'_ """.

"_ _ ! i ! ! J, iil
,

t L _-

N _gO mT
mcm glBg-4_am

J

-529 (UHT_O.II.|Z)

- ._41 UN[(_ H_E
(UHT 28; _, 30)

TENSION

FIGURE 2 - UNLOADED HOLE TENSION SPECIMENS

17



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

i

N_

.

l

I
q

T
I

i
i v

_h
i,
•"i!
|||

/

w_

_wb

i i

Z

i,i
(__

Z
0

c_
Z
l,i
F-

i,i
..J
O

w

,=C
O
..J

!

I,

18



DouglasAircraft Company
Contract NASI-16857 ACEE-26-TR-2958

--F-

- 5(_ Curic 7, B, 9 )
-515 (uHcz_,z6,27>

I l ;i! ] LI_

_ -x. i.

• - 51)I (umC 4,S, G )

-513 (uric 2z, 23,24)

•,m,, ,_ XL _-LI,-4 T+*"

- I (Uric t,Z,3)

-511 (Uric Jg,zo, Zr)

FIGURE 4 - UNLOADED HOLE COMPRESSION SPECIMENS

19



Douglas Aircraft Company
Contract NASI-I6857 ACEE-26-TR-2958

-+3,-_

F==-=

- 5117(u_c I_,rat,lip)
- 51g (uHc _l.3z,33J

FIGURE

+-II k---+,,_..m .,.,.
am_ u/I m-T
Ul arll_w
j IJ(llli_

-5115 (uric _o,lj,wz) UNLOADEDHOLECOMPRESS

-517 cuHc z_ z._,_o)

5 - UNLOADED HOLE COMPRESSION SPECIMENS

20



Douglas Aircraft Company
Contract NASI-I 6857 ACEE-26-TR-2958

i
I

½

I

C

I I

I

\
• ii i

ii

Ir

I1

§

II,
II

__lml

21

LI

,,:_5-}

Z

¢._)

0'3

Z

t.=.l

¢3..

'5-
0

¢_)

L,I.,I

.._1

"r"

_3

LJ.I

.--I

Z

!

I.,L-



Douglas Aircraft Company
Contract NASI-16B57

ACEE-26.TR-295R

- 51)3 C_sT 7, s, _)

-515 C_sT z5,2_,_7)

-_11 (bs1"4. _',(,)

,b"_ I 1
.________.L-_ _ i C_---

"--" ..xi_ TM _ _ .im_t _

_, ;-_-ip I _ ._. r-(-3i-ii) liilll_l.lli llllltfJi

] _ , I %-9-7

_ L_tt.__i F'---'--- "_ - i "" _'_ --t '
_, 7.50 -_

FIGURE 7 - DOUBLE SHEAR TENSION SPECIMENS

22



DouglasAircraft Company
Contract NASI-16857 ACEE-26-TR.2958

o

w_

. .

FIGURE 8 - DOUBLE SHEAR TENSION SPECIMENS

23



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

_-!Ii

.,,o_L,o_.

, _- L,o__

_ "l_l'l,-IIT
!

- fa-J3s

JL_____ _6 _

-527 h)s_ 7,s_9)
-539 (:_c 2_-,z6,z?)

_-K'_III_lI_'I
x_._,,,,, x--_a,,u

I*I-_-SOSr=sT,0.,_,'_)

FIGURE 9 - DOUBLE SHEAR COMPRESSION AND TENSION SPECIMENS

24



DouglasAircraft Company
Contract NASI-16857 ACEE-26-TR-2958

"_.. ____ _--:.s_..__._, .___"
- 535 C_¢L_, _.o, _.l )

FIGURE lO - DOUBLE SHEAR COMPRESSION SPECIMENS

25



Dougl a_sA:i_r c r a_fi__Co_mpa_nL
Contr_t NASI-16857

===_ r ! x _--__---__
..... 1 I

I

, , _..... t/ _ ,

.,,e_ _au / "-------- _'_"_ .-

| AS(.4_O'_ aL"_.T

-$31 CDSCL_,_tS)
-51_3 C_sc.sL, _2-,_3)

I

IMrm i_I

L__,_

]
L
T

__= --4

"_r_, TM

f

+

_-A

Im_.s

- SI+ I (__sc. z+. z9.5o)

ACEE-26-TR-2958

FIGURE II - DOUBLE SHEAR COMPRESSION SPECIMENS

26



DouglasAircraft Company
Contract NASI-16857 ACEE-26-TR-2958

----_--__

74_'_ L--------.--_ j

I_(WIZU,_ BOLT

ii_adZ_._ IdLr'r

r-J_

I i

i

I _i,' '

t/

/(/ i
1

?/"// _
1

L--.- .... _

.... --4

f^
m

.... h-

°rTl.-r?_

J

3.000
I

i

!

I

I
t
i

t
6.OOO

J

T

_L,L i

-- ?.oo_IA

-533 (_sc .,(,,, ,7, re)
-5,r_ CJ>sc++. _g,36)

FIGURE 12 - DOUBLE SHEAR COMPRESSION SPECIMEN

27



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

._ /i _ •(°"75 HOU[

I - - : T "®i : I
| ! -

I wA._mz eo_T I
! .oos TA m" , .ram / , /

.000 3!

[ f'_'l ] rl _ '. T

/_____ r _-"3"--]I _---"'--
z 2.T 1112"70 (1_ '_- --

L 4.1_0

411 t-SIT "I SST I,Z,3

"505 ,ST /11,//,I-9

F b.a,
• 14qls

| F--.u,,_
I i _iz JOLT

• pmr)

'_1 I/ 1

'i ' i rI

r-! '!_I !

ll[-a

-Sll 5,=,.,._
-517 ._ '_..._

-sJl _ lO-I , -SIT It)_"T TO -SOS
D_[PT AS $_OWN

FIGURE 13 - SINGLE SHEAR SPECIMENS

28



Douglas Aircraft Company
Contract NASI-16857 ACEE-26_TR.2958

I

/
/

14.4(}

.I_15 u_ W_(

N_k4IZ U Z? IK_.T

mas_w_z-i_ wa_W[R (2 _00)
uI _24_ NUT

' • • 4W_

i
÷_

/ i

I
!

Zl!

II.lJ

i !/,
' ; i

! i ,:.' _ I 3,?. L.4'rt'll5

J I "t t
i i

"51 5 "_ "*.'
"521 "_ "."."

t
2.000
(m)

!
!

\

13.40

J
I
I

I

I

I

I

I
i

_ ). 000_..----

FIGURE 14 - SINGLE SHEAR SPECIMENS 29



Douglas Aircraft Company
Contract NASI.16857

L

,t .

F
/

AF;1 -, _lli ¢ ,.ill9

i
I
!

I
I

C) i
I
I

' -C>I
I

Ili.,lID

_.J 'h I i I,.,_

S.III

(! I'l_i)

FIGURE 15 - SINGLE SHEAR SPECIMENS

\

.klO

30



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

/

/
/

= /

h-
z
I,,i.1

w

w

Z

-J
0

!

_J

31



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

i,l

Z
0

,=C
t,i
"r

(/)

W

mm

0

!

I

a,*

F--

J,i
F-

mr"
w

I,

32
BLACK

ORIGINAL PAGE

AND WHITE PHOTOGRAPH



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

FIGURE 18. SINGLE SHEAR TEST SET-UP
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FIGURE 20. DEFLECTION
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FIGURE21. SINGLESHEARTEST-
MEASUREMENTSYSTEMFORBOLTHEADROTATION
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FI'GURE 27. UNLOADED HOLE COMPRESSION TEST - NET-SECTION FAILURE
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ZJOl1268-531A
DSC 13

FIGURE 34. DOUBLE SHEAR COMPRESSION TEST - BEARING FAILURE
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_.JOl1268-541B
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FIGURE 35.. DOUBLE SHEAR COMPRESSION TEST - BQLT BENDING FAILURE
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UNNOTCHED TENSION SPECIMEN
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MPT l, 2, 3 - PATTERN A
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FIGURE 36

SPECIMEN CONFIGURATIONS - MECHANICAL PROPERTY TESTS
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FIGURE 37. UNNOTCHED COMPRESSION SPECIMEN

52 ORIGINAL i-'AOE

BLACK AND WHITE PHOTOGRAPH



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

FIGURE38. UNNOTCHEDTENSIONSPECIMENSC_:_'IC,,4...L_''_ =_'_-,,,.:E
53 BLACK AND WHITE PHO-FOGR,.,,;,--_



Douglas Aircraft Company
Contract NA.SI-16857 ACEE-26-TR-2958

t-i

>_

.,j ri_

OZ
L.)

_E
S- :}
r-- =,-

C
,p

0 14; O_
_J IS=

lq.- *i--
I:= i I.,) "[_
4; iOJ 0
E ,-_ r,.J

u3
U

4; ,

t.-

4;

,.Q

(,.) ,.[_
4; 0
". C..)

U'l

,,..I Q.

OZ

L =3

I

I
t

t.-
r4; c

°F" '_'

4; C

im

IIIIIIIIIIII Illllllllllli

(M
r_

-I _ P"

*--j

N N

PPPNNN_

p_pppP_NN_

(..)
".r"

ppPNNN_

* * *PPPNNNN_

!

__ PPPPPN

IIIIII IIIIII

N
im-
P

_1_ _ _ O

IIIIIIIIIIii IIIIIIit1111

00

W3
CM

-- O
,-_
N N

.........
"''PPPNNNN_ "''pPPNNNN_

C
0

tn
_" ul
0 4;

I--- (..)

4; 4;
P
0 0

-r" '-s-

•_ "_
_; 4;

0 0
i.',,," e,.,-
c" I::

I !

I-'(J
"r" :Z:

0
.,r.-
ul

l'-

1-

(/1

4;

0
r-.

I

IN
U'l
C3

e-"
0

ug
u't
4;
S.

(.1

S-

4;
e-

U'I

G;

r_

0

I

(..)
u')

54



Dougl as Aircraft Company ACEE- 26-TR- 2958
Contract NASI-16857

e-.

-E
0 •r-

Z U
GJ

q .......

e,-
0

°1,,-

e- u_
O QJ
•,-'_ I..

e- _ E
QU O
I-- ¢-)

O_ O_ 0 0

oo oO o o

_ o_ o_ o_

000
000000

C) OC, _.(_ ,_,
G) O00C, O
u'_ OL_ G) CD 0

0 (D

000000
_0_00

0..°..
0000_

OC) OOC)O
u'_O_O0
o,4 I,.01_ I"_ 00

• • 0 ° 0 °
0 C_O 0,.-,- 0,,,,I

000000

,,°,l,
000000

0 O0 CDC, O
1,001_ l..'%01.0
(_11.0 r_ o4 i.o _..

000000

.._1

I--
0
I---

f%l

,/D

I.--

55



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

t_ U
0

_._
r-,

O0 -_(u
5;
m _

/ _ _LI _,_ _z "-_
A' r," W

4_ .r'-

4"-) "_"

'_/' _')

t_

._

e-

• E
o °r-

z _

°_

0 0

dd_d_d dd_d_

_0_000
_000

,.e°_.
0__

.°....

%
0
h-

r-,

I'--

G.)

E C:

t,.I,,,......-.

¢,/) 4.-)

0--_

"F_
,:p el:

OQ,)
_-_E
f.- c_ 0r-

C_.

_-- e-
,_E e- 0

°_
5- 0

Q; _ (]P

0

56



Douglas Aircraft Company

Contract NAS1-16857 ACEE-26-TR-2958

F-

l,t

:Eu_
Z

+

E<

< u:/

U)

,\ _ uJ Z

/ \ ,, k. _--,_ Du_/
. W,', " u}

. ,,/' ,, '

¢Y

, ' . U i _ I

v'_ k.,;,/"77

O
,r-

0
..-t

+e...

c

r0 ..I_
.=_

"0
•r.-v

i= ,.=_
,,v ..iJ
lJ _=--
oe-

I.--

•i.-)._

f,.}

(-

"E
O _m.-
Z

or)

O

I::
O
f.j,

,_ _"_ _1._ _ _i"_

_,.) C_ o C) o o

L_ 0 L_ 0 I'_ 0

_0_ 000 _0_000

+,..++ +°,+°.

,.°,,.
000000 000000

000000

..+,0+
000000

000000

o.++o,

000000

00_00_

+,+,+.

00_00_

00_00_

• + + , . •
00_00_

.-I

0
F--

i

P

i--

E _-
•e-- (j
U c-

e-..V

•,- c-

u'} O

$.- f,..c_
£)- _:t
E

_'1 .r-

"G_- g
e- _.-

e- c-

e- e'-
_ O

_ E

57



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

\, // /

e-
o

*r,-

0
,,j L

°l'--

e-

w

.J ro
(3_

[.-

L#I

w
e-

(..) 4._
• r- v

I--

w-J
[" S..

W
E+J
e- W_
U Er-_

4-# ,r-

W
U

W _-

"O 4-J W

u_
r-
W

• E
O°i-.
Z _J

aJ
O.

--III

c-
O

,B--

e-

W
F-

_re _re

c-J (_4

o L_ o L._ 0 o

c, _ o o _ o

O _ C C3 C) O

(_ O C O O O

C3 O O O O O
O O O O O O

W

c.-C:
W _J

E_=

W

W E
I_ 0

_.. tn

W_¢')

W 0

W

•r- i:::

%
0

58



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

(-
0

or--

e--

4-J
--.I rO

•,e-- "-.--.'

U_

a,D
e"

•e.-- v
e-

l"-

e-- f,.
OJ

(-- .,--,.

4- t .e-'

0.t
U

I.JJ ,&,")v
,t,--

aJ
• E

O "6-"
Z U

UO

t-"
O

.1-'
U'].

0J
f,.
,r_
E_
O

CJ

o _ o
C)¢,J C) {'.J
O_ O_

o O o C)
i,.t_ Lo .,,el_,-th,, L&'_ I._,

,,:r

o m o m

N _

o o
0 _ O

0 _

0 0

0 _ o

0 0 0
0 0 0

0 0 0
0 0 0

0 0 0
0 u_

0 0 0

0 0 O

0 0 0
0 0 0

0 0 0
0 0 0

,.-I

!--"
O
I-"

CO

="2

fr-

O
°r-- _'-

V_

E E

,.o oo

_- bo

_/_ 0

59



Douglas Aircraft Company
Contract NASI-16857 ACEE-26-TR-2958

Table 7. Ancillary Test Specimen

Loading Rates

Config.

-l

-501
-503

-505
-507
-509

-511
-513
-515

-517

-519
-521

-523
-525
-527

-529

-531
-533

-535
-537
-539
-541
-543

-545

Double Shear

ZJ011268
6

(in/min)

.02

.022

.034

.018

.027

.044

.02

.022

.034

.Ol5
022

035
Ol5

015
015
Oil

015

015
015

Ol5
Ol5

009
.013

.016

Single Shear

ZjOI1267

P 6 P

(Ib/min) Config. (in/rain) (Ib/mln) Config.

6,000 -l .OlO 4,360 -I
18,000 -501 .021 17,500 -501

36,000 -503 .024 35,000 -503

12,000 -505 .010 4,368 -505
35,000 -507 .021 17,500 -507
70,000 -509 .024 35,000 -509

7,500 -511 .010 4,368 -511
22,500 -513 .021 17,500 -513

45,000 -515 .024 35,000 -515
12,000 -517 .010 4,368 -517

35,000 -519 .021 17,500 -519
70,000 -521 .024 35,000 -521

6,000 -523
18,000 -525

36,000 -527
12,000 -529

35,000 -531
70,000 -533

.7,500 -535
22,500 -537
45,000 -539
12,000 -541
35,000 -543

70,000 -545

Unloaded Hole

ZJOI1266

6

(in/min)

.007

.009

.010

.015

.03

.056

• 007
.009
.010
.015
.03
.045

.018

.018

.021
019
036

048

1018
018
021

019
036
O48

P

(Ib/min)

3,000
6,000
9_000

12,000
24,000

36,000
3,750

7,500
II,250
15,000

30,000
45,000

3,000
6,000

9,000
12,000

24,000
36,999

3,750
7,5O0

II,250
15,000

30,000
45,000

6 : is the stroke loading rate - inches per minute

P : is the estimated rate of applied load in pounds per minute for the specified
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APPENDIX A

ANCILLARY TEST DATA

SPECIMEN CODING:

UNLOADED HOLE - DRAWING ZjOl1266

UHT - UNLOADED HOLE TENSION
UHC - UNLOADED HOLE COMPRESSION

A-I
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FAILURE MODES

UHT

l

2

3

4

5

6

7

8

9

IO

II

12

13

14

1"5
16

17

18

19

20

21

22

23

24

25

26

27

Net Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Sectlon Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section

Doubler fail

Failure. Visible failure along 45° lines

ure and net-section failure at load pin

Tapered doubler failure and net-section failure at load pin

Tapered doubler failure and net-section failure at load pin

Tapered doubler failure and net-section failure at load pin

Net-Section Failure. Vibisle along 45° line.

Net-Section Failure. Severe delaminations, inter-fiber failures and

lateral displacement at test hole (specimen cut down to width = 4.5",
(W/D : 6).

Net-Section Failure. Severe delaminations, inter-fiber failures and

lateral displacement at test hole (specimen cut down to width = 4.5",

W/D : 6).

Net-Section Failure. Severe delaminations, inter-fiber failures and

lateral displacement at test hole (specimen cut down to width = 4.5",

W/D = 6).

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure

Net-Section Failure



Douglas Aircraft Company
Contract NASI-I 6857 ACEE- 26-TR- 29 58

UHT (Continued)

28 Tapered-Doubl er Fai I ure

Tapered-Doubler Failure29

30

31

32

33

34

35

36

Tapered-Doubler Failure

Tapered Doubler Failure and net section failure at load pin primarily

through 45° lines on side away from test hole

Tapered doubler failure and net-section failure at load pin

Tapered doubler failure and net section failure at load pin. Near
complete failure at test hole area. Extensive delaminations along

length of specimen and throughout thickness

Extra holes drilled at ends. Failed in bearing/shearout at outer
holes for load introduction

Tapered doubler failure at load pin

Tapered doubler failure. Shearout at load pin hole. Some oneset of
failure at net-section.

UHC

1

2

3

4

5

6

7

8

g

I0

II

12

13

14

15

16

17

18

Corn)ression

Com)ress ion

Corn)ression

Com )ression

Corn)ression

Com )ression

Compression

Compression

Compression

Compression

Compress ion

Com pression

Compression

Compression

Compression

Compress ion

Compression

Compression

failure at net-section

failure at net-sectlon

failure at net-section

failure at net-sectlon

failure at net-sectlon

failure at net-section

failure at net-section

failure at net-section

failure at net-sectlon

failure at net-section

failure at net-section

failure at net-section

failure at net-sectlon with ply buckling and delaminations.

failure at net-section with ply buckling and delaminations.

failure at net-section with ply buckling and delaminations.

failure at net-section

failure at net-sectlon

failure at net-sectlon
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UHC
19
2O

21
22
23
24

25
26
27

28
29
3O
31
32
33
34

35
36

(Conti nued)
Compression

Compression
Compression
Compression
Compression

Compression

Compression
Compression
Com')ression

Com)ression
Com)ression
Com)ression

Com)ression
Com)ression
Com)ression

Compression
Com)ression
Com)resslon

failure

failure
failure
failure
failure

failure

failure
failure
failure
failure
failure
failure

failure
failure
failure

failure
failure
failure

at net-section
at net-section

at net-sectlon
at net-section

at net-section

at net-section
at net-section

at net-section
at net-section
at net-section
at net-section
at net-section

at net-section
at net-section
at net-section

at net-sectlon

at net-section

at net-section

A°_i

C! 2
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APPENDIX B

ANCILLARY TEST DATA

SPECIMEN CODING:

DOUBLE SHEAR - DRAWING ZJOl1268

DST - DOUBLE SHEAR TENSION
DSC - DOUBLE SHEAR COMPRESSION

B-l
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FAILURE MODES

DST

1

5

6

lO

II

12

13

14

15

16

17

18

19

20

Net-section failure. Most 0° plies sheared out. Cross plies

failed in inter-fiber tenslon/shear. Some bolt bending.

Net-section failure. Most 0° plies sheared out. Cmoss plies

failed in inter-fiber tenslon/shear. Some bolt bending.

Ist run - doubler initiated de-bond but no catastrophic failure.

2nd run - net-section failure and doubler failure leading to

net-section failure of specimen at load pin. Net-section failure
at bolt occurred on nut side. Failure at load pin occurred

on opposite side.

Net-section failure. Slightly more damage on head side of bolt.

Some shear-out of 0° plies.

Bearing failure. Slight washer dig-ln.

Net-section failure. Slightly more damage on head side.

Some shear-out of 0° plies.

Tapered doubler failure and net-sectlon failure at load pin.

Tapered doubler failure and net-section failure at load pin.

Tapered doubler failure and net-sectlon failure at load pin.

Slight buckling of plies on head side of bolt.

Bolt bending failure with bearing damage. Washer dig-in.

Bolt bending failure with bearing damage, Washer dlg-in.
Adhesive failure occurred on doubler (l side) between outer plates.

Bolt bending and slight bearing failure

Bearing failure. Washer dig-in, both sides.

Doubler bond failure (adhesive failure). Some bearing damage in

outer plates.

Bearing failure. Slight washer dig in. Buckling of outer plies.

Bearing failure. Hole elongated approximately 3d (3/4" dia).

Extensive brooming and bearing damage.

Bearing failure. Washer dig in.

Bearing failure. Washer dig in.

Net-section failure. Bolt bending. Most of the 0° plies
sheared out and cross plies failed in Inter-fiber tension/shear

along 45° and 90° lines,

Net-section failure. Bolt bending. Most of the 0° plies
sheared out and cross plies failed in inter-flber tension/shear

along 45° and go° lines.
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DST(Conti
21

22

23
24

25

26
27
28
29

3O
31

32
33
34
35
36

nued)
Net-sectlon failure. Bolt bending. Most of the 0° plies

sheared out and cross plies failed in inter-fiber tension/shear

along 45° and 90° lines.

Apparent bearing failure. No ply buckling or delaminations on
nut side. Outer ply buckling and delaminations on bolt side head.

Inner ply buckling.

Tapered doubler failure and net-sectlon failure at load pin

Net-section failure on nut side. Inner and outer 0° plies

sheared out. Washer dig-in with outer buckling on head side.
Also inner ply delamlnatlons.

Bearing failure. Head-side - washer dig-in. Nut side -

washer dig-in. Outer ply delaminated to edge of plate.

Tapered doubler failure

Tapered doubler failure.

Bolt bending failure. Slight bearing damage.

Bolt bending

Bolt bending

Bearing fail

plies and sl

Bearing failure.

Bearing failure.

Bearing failure.

Bearing failure.

Bearing failure,

failure. Slight bearing damage.

failure. Slight bearing damage.

slight

Some washer dig-in.

Some washer dig-in.

Some washer dig-in.

ure. Not much visible damage besides cracks in outer

ight hole elongation.

Washer dlg-ln both sides.

Washer dig-in.

Washer dlg-in.

Washer dig-in.

Washer dig-ln.

Buckled plies.

Damaged primarily in outer plates.

Damaged primarily in outer plates.

Damaged primarily in outer plates.

DSC

l

2

3

4

5

6

Failed below washer in compression on head side of outer plate.

Bolt bending also occurred.

Failed below washer in compression on head side of outer plate.

Slight bolt bending.

Bolt bending and some bearing damage showing.

Buckling of outer plies with moderate shear/buckllng failure.

Occurred away from hole at edge of washer.

Apparent bearing failure. Slight fiber splitting and delaminations

of plies.

Buckling and delamination of outer plies with shear/buckling
failure. Occurred away from hole at edge of washer.
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DSC(Continued)
7 Bearing failure

8 Bearing failure
9 Bearing failure

lO Bearing failure
II Bearing failure
12 Bearing failure

13 Bearing failure
14 Bearing failure
15 Bearing failure
16 Bearing failure
17 Bearing failure

18 Bearing failure

19 Failed in compressionabove bolt,
Slight bolt bending.

20 Failed in compressionabove bolt,
Slight bolt bending.

21 Failed in compressionabove bolt,
Slight bolt bending.

somewhat along 45° line.

somewhat along 45° line.

somewhat along 45° line.

22 Outer plates buckled, delaminated and failed in shear/buckling

below bolt at edge of washer.

23 Outer plates buckled, delaminated and failed in shear/buckling

below bolt at edge of washer. Damage on head side of bolt.

24 Bearing failure. Some plies failed along 45° llne.

25 Bearing failure.

26 Bearing failure.

27 Bearing failure.

28 Bolt bending and bearing failure

29 Bolt bending and bearing failure

30 Bolt bending and bearing failure

31 Bearing failure

32 Bearing failure

33 Bearing failure

34 Bearing failure

35 Bearing failure

36 Bearing failure.
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APPENDI X C

ANCILLARY TEST DATA

SPECIMEN CODING:

SINGLE SHEAR - DRAWING ZJOl1267

SST - SINGLE SHEAR TENSION
SSC - SINGLE SHEAR COMPRESSION

C-l
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FAILURE MODES

SST

1 -18 Bearing Failures.

SSC

l -18 Bearing Failures.
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